Growth characteristics, as well as outer-membrane protein (OMP) and lipopolysaccharide (LPS) profiles in SDS-polyacrylamide gels, of two serotype A1 isolates of Pusteureffu huemofyticu were examined under different in uitro growth conditions. The two isolates were chosen as representatives of disease (S/C 82/1) and non-disease (W/D 83/4) isolates, respectively. The growth rates and final cell densities of both isolates increased as the degree of aeration increased. In particular, the h a 1 cell densities varied significantly according to the degree of aeration. Under anaerobic conditions, however, both the growth rate and final cell density were significantly reduced. There was reduced expression of a 40.5 kDa protein under anaerobic conditions in both isolates, whereas in S/C 82/1 expression of the 71,77 and 100 kDa iron-regulated proteins increased as aeration decreased. There were also differences in low-molecular-mass components of LPS between cells grown anaerobically and those grown aerobically. Growth in the presence of 5% C 0 2 did not significantly alter the growth rate and had little, if any, affect on OMPs or LPS. Differences in the expression of certain proteins occurred as growth progressed from the exponential to the stationary phase. Growth in the presence of the iron chelators 2,2'-dipyridyl, ethylenediaminedihydroxyphenylacetic acid (EDDA), desferrioxamine mesylate (desferal), ovotransferrin (conalbumin) and bovine transferrin was inhibited within a very narrow concentration range. In the presence of 2,2'-dipyridyl, EDDA or desferal, 71 and 100 kDa iron-regulated OMPs increased in both isolates whereas a 77 kDa protein increased in isolate S/C 82/1 only. In the presence of ovotransferrin or bovine transferrin there was, in both isolates, increased expression of the 71 kDa protein, a slight increase in expression of the 100 kDa protein but no expression of the 77 kDa protein; there was also increased production of the 40.5 kDa protein, and synthesis of two additional proteins of 23 and 26 kDa. Other differences occurred after growth in foetal and newborn calf sera. In foetal calf serum there was enhanced expression of the 71 but not of the 100 kDa protein. In newborn calf serum there was no enhanced expression of the 71,77 or 100 kDa proteins, but expression of novel proteins of 97 and 98 kDa as well as a high-molecular-mass protein occurred. There were also slight quantitative differences in the LPS profiles of cells grown in foetal or newborn calf sera compared to those of cells grown in other media. Addition of F e Q to the various media caused repression of synthesis of the 71,77 and 100 kDa proteins in the presence of EDDA and repression of the 71 kDa protein in the presence of ovotransferrin and in foetal calf serum, but caused no change to the expression of proteins in newborn calf serum. Thus, marked changes may occur in the OMP and LPS components of the outer membrane of P. haemofytica when growth conditions are altered; some of these changes may occur in uiuo.
Introduction
Pasteurella haemolytica is a Gram-negative bacterium responsible for diseases of ruminants including bovine pneumonic pasteurellosis or shipping fever (Carter, Abbreuiatwns: OMP, outer-membrane protein ; LPS, lipopolysaccharide; EDDA, ethylenediaminedihydroxyphenylacetic acid. 1967). Although two biotypes, A and T, and 16 serotypes have been identified (Biberstein, 1978; Fodor et al., 1988 ) the majority of disease outbreaks in cattle are due to biotype A, serotype 1 (Al) strains (Frank, 1979) . Experimental vaccines against bovine pneumonic pasteurellosis, including both live and killed bacteria (Wilkie et al., 1980; Confer et al., 1985; Purdy et al., 1986) as well as various extracts (Gilmour et al., 1982; Yates et al., 1983) , have generally been unsuccessful. Although leukotoxin-neutralizing antibodies appear to be important in protection against pneumonic pasteurellosis (Shewen & Wilkie, 1983) other somatic antigens are also involved in inducing resistance (Shewen & Wilkie, 1988) . As a result, recent research has attempted to identify important immunogenic components of P . haemolytica such as cell wall and capsular materials (Durham et al., 1986) , carbohydrate-protein subunits (Lesley et al., 1985) , lipopolysaccharide (LPS) (Confer et al., 1986) and various outer-membrane proteins (OMPs) (Squire et al., 1984; Nelson & Frank, 1989; Knights et al., 1990; Craven et al., 199 1) including iron-regulated OMPs (Donachie & Gilmour, 1988; Deneer & Potter, 1989; Gilmour et al., 1991) .
It is now well-recognized that the expression of antigens in bacteria obtained directly from the infected host may be quite different to those expressed in vitro (Smith, 1990) . In particular, a number of OMPs are induced in various bacteria growing in vivo which are not expressed in standard laboratory media, but are expressed in vitro under iron-limited conditions (Griffiths et al., 1983; Brown et al., 1984) . Such iron-regulated OMPs are immunogenic (Anwar et al., 1984; Black et al., 1986; Ward et al., 1988) , may induce bactericidal antibodies (Pettersson et al., 1990) , can be protective (Bolin & Jensen, 1987) and hence are likely vaccine candidates (Banerjee-Bhatnagar & Frasch, 1990) . Although the in vivo expression of cell-surface antigens of a serotype A2 strain of P . haemolytica has been studied in sheep (Donachie & Gilmour, 1988; Sutherland et al., 1990) , little is known about the expression of such antigens in serotype A1 strains isolated from cattle. Cells of a sheeppathogenic A2 strain of P . haemolytica recovered directly without subculture from the pleural fluid of an infected lamb expressed two additional envelope proteins of 70 and 100 kDa; these proteins were also induced in vitro under iron-restricted conditions (Donachie & Sutherland et al. (1990) similarly identified 70 and 100 kDa proteins in A2 cells grown in chambers implanted into the peritoneal cavity of sheep. Three ironregulated OMPs of 71, 77 and 100 kDa were demonstrated in in-vitro-grown strains of P. haemolytica belonging to 12 serotypes in response to iron-limitation by Deneer & Potter (1989) and these authors provided evidence to suggest that these proteins were expressed in vivo in cattle.
1988).
In addition to iron-limitation other factors which may cause changes to OMPs of Gram-negative bacteria include phase of growth (Loeb & Smith, 1980 Davies, 1991) and the degree of aeration or C 0 2 tension during growth (Clark et al., 1987; Denyer et al., 1990 ; Lee & Falkow, 1990; Schiemann & Shope, 1991) . Although there is much less information on differences in LPS structure between in-vivo-and in-vitro-grown cells, differences have been described in Pseudomonas aerwginosa (Kelly et al., 1989) and Neisseria gonorrhoeae (Mandrel1 et al., 1990) . Changes in the LPS of Neisseria meningitidis due to differences in aeration and medium composition have also been described (Tsai et al., 1983) . However, the LPS of an in-vitro-grown P. haemolytica A2 strain did not appear to differ from that of the same strain grown in a peritoneal chamber implant in sheep (Sutherland et al., 1990 ).
In the present study, the objectives were to examine the growth characteristics and the variation in OMP and LPS profiles of P. haemolytica A1 isolates under various conditions of in vitro growth. Two isolates were chosen for comparison, one isolate from a confirmed case of pasteurellosis and the other from a healthy animal. Previous studies on P. haemolytica have utilized the chelating agents 2,2'-dipyridyl, ethylenediaminedihydroxyphenylacetic acid (EDDA) or desferrioxamine mesylate (desferal) to induce iron-limited growth conditions in conventional media (Donachie & Gilmour, 1988 Lainson et al., 1991) . However, Chart et al. (1986) demonstrated that various chelating agents have differing effects on the induction of the iron-regulated OMPs of Escherichia coli. Thus, in addition to 2,2'-dipyridyl, EDDA and desferal, the effects of the chelators ovotransferrin (conalbumin) and bovine transferrin were also compared in the present study. As well as examining the effects of various chelating agents, bacteria were also grown in foetal and newborn calf sera. In addition, OMP and LPS profiles were examined at different stages of the growth cycle and under different conditions of aeration and C o t tension, both of which are additional factors which could influence in vivo profiles.
Methods
Bacterial strains and growth conditions. Two biotype A, serotype 1 (Al) strains (S/C 82/1 and W/D 83/4) of P . haemolytica were used in the study. Strain S/C 82/1 was isolated from a confirmed case of bovine pneumonic pasteurellosis whereas strain W/D 83/4 was isolated from the nasopharynx of a clinically healthy calf on a disease-free farm. The LPSs from each of these isolates have been examined previously and have been shown to be different .
Bacteria, stored at -70 "C in brain heart infusion broth (BHIB) containing 50% (v/v) glycerol, were routinely subcultured on brain heart infusion agar (BHIA) containing 5% (v/v) sheep's blood at 37 "C. For the isolation of outer membranes and for growth studies bacteria were grown in BHIB in the absence or presence of 2,2'-dipyridyl, EDDA, ovotransferrin, bovine transferrin (Sigma) or desferal (CIBA Laboratories), as well as in decomplemented (56 "C for 20 min) foetal or newborn calf sera (Gibco) at 37 "C with orbital shaking at 120 r.p.m. For the preparation of outer membranes optimum concentrations of chelating agents were determined from growth-rate experiments where growth, in the presence of increasing concentrations of chelating agent, was followed spectrophotometrically at 660 nm. To confirm that inhibition of growth was, in fact, due to iron limitation, growth was also followed in the presence of an inhibitory concentation of EDDA or ovotransferrin and increasing concentrations of FeCl,. Outer membranes were also obtained from cells grown under conditions where the inhibitory effects of EDDA and ovotransferrin were eliminated by FeC13, as well as from cells grown in foetal or newborn calf sera to which the same amount of FeC13 had been added. Growth under various degrees of aeration was examined by varying the broth :flask volume ratios, by using dimpled or smooth flasks, or by covering the surface of static cultures with liquid paraffin, as follows: 50 ml of broth in 250 ml dimpled conical flask (very high aeration); 50 ml in 250 ml smooth conical flask (high aeration); 100 ml in 250 ml smooth conical flask (moderate aeration) ; 200ml in 250ml smooth conical flask (low aeration) (all shaken at 120 r.p.m.); and 200 ml in 250 ml smooth conical flask covered with liquid paraffin and grown statically (no aeration). For outer membrane preparations, 500 ml volumes were used in 2 litre dimpled flasks (very high aeration), 2 litre smooth flasks (high aeration), 500 ml smooth flasks (low aeration) (all shaken), and in 500 ml smooth flasks covered with liquid paraffin and grown statically (no aeration). Bacteria were also grown, in BHIB, in a 5 % C02/95 % air atmosphere in a controlled environment incubator shaker (New Brunswick Scientific) at 120 r.p.m. as well as anaerobically, using an anaerobe jar in conjunction with an anaerobe gas generating kit (Oxoid). In all experiments, flasks were inoculated from an overnight culture in BHIB to give a dilution of 1 : 500.
Preparation of outer membranes. Outer membranes were obtained by Sarkosyl extraction, essentially as described previously (Davies, 1991) . At an appropriate stage of growth, bacteria were harvested, washed twice in 20 mM-Tris/HCl (pH 7.2) buffer, resuspended in the same buffer and sonicated, on ice, for 5min (MSE sonicator; 4-5pm amplitude; 20 kHz). Unbroken cells were removed by centrifugation (loo00 g for 30 min at 4 "C), cell envelopes pelleted by centrifugation at 60000g for 1 h at 4 "C, and cytoplasmic membranes solubilized by resuspending in 0.5 % sodium N-lauroylsarcosine (Sarkosyl) for 20min at room temperature (Filip et al., 1973) . Outer membranes were pelleted by centrifugation at 60000g for 1 h, washed once in 20 mM-Tris/HCl (pH 7-2), centrifuged again at 60000g for 1 h, resuspended in the same buffer to a protein concentration of 2.0 mg ml-I and stored at -70 "C.
Protein assay. Protein concentrations of outer membrane samples were assayed by the modified Lowry procedure of Markwell et al. (1978) , a method suitable for insoluble membrane proteins.
Preparation of lipopolysaccharide. Lipopolysaccharide was obtained
by proteinase K digestion as described by Hitchcock & Brown (1983) , except that outer membranes were the starting material rather than whole cells . Outer membranes (2-0mg protein ml-l) were added to an equal volume of x 2 sample buffer (0.25 MTris/HCl, pH 6.8, 40%, v/v, glycerol, 8%, w/v, SDS, 0.2%, v/v, 2-mercaptoethanol, 0.005 %, w/v, bromophenol blue) and heated at 100 "C for 5 min. To 100 pg of protein were added 25 pg of proteinase K (type XI protease; Sigma), adjusted to 2.5 mg ml-' in x 1 sample buffer, and the mixture heated at 60°C for 1 h.
SDS-PAGE.
OMPs and LPS were separated by SDS-PAGE using the SDS discontinuous system of Laemmli (1970) . After stacking in a 4% (w/v) gel, OMPs and LPS were separated in 12 and 15% (w/v) resolving gels, respectively, the latter also containing 4 M-Urea ( Proteins were visualized by staining with Coomassie blue, and LPS by silver-staining (Tsai & Frasch, 1978) . Smooth lipopolysaccharide from E. coli B4 ( 0 : l l l ; Sigma) was used as a control for LPS.
Results
The OMP profiles of the two P . haemolytica isolates, S/C 82/1 and W/D 83/4, were very similar and comprised four or five major proteins and at least twenty minor proteins (Fig. 1) . When cells were harvested at various stages of the growth cycle, i.e after 3-5,6-5, 12 and 24 h of growth, under high aeration (see below), there was, in both isolates, a slight decrease in expression of a 40.5 kDa protein and an increase in expression of a 18 kDa protein, between exponential (3.5 h) and stationary (6.5 h) phases. In addition, in both isolates, a 24 kDa protein was produced during the stationary phase but not during the exponential phase and, in S/C 82/1, a 94 kDa protein was produced in greater abundance during the exponential phase (Fig. 1) . In other strains examined (results not shown) there were additional differences between exponential and stationary phase cells that were not observed in the two isolates described here. Differences in banding patterns in the high-molecularmass region of the LPS of both isolates, between exponential and stationary phase cells, also occurred and have been described previously . To avoid variation in OMP or LPS profiles, as a result of cells being at different stages of growth, for all subsequent work bacteria were harvested during early stationary phase. The degree of aeration significantly affected the final cell density of the two isolates examined but, with the exception of no aeration, had a less significant affect on the growth rate (Fig. 2a) . Generally, high aeration resulted in a high final cell density and as the degree of aeration decreased so did the final cell density; optimum cell density was not necessarily achieved, however, with maximum aeration, as was the case with isolate S/C 82/1. With no aeration, the growth rate and final cell density, in both isolates, were substantially lower than under the other conditions. In the presence of 5% C 0 2 there was a shorter lag phase but the growth rate during the exponential phase was similar to that in air alone; the final cell density was reduced in the presence of 5% CO, compared to that in air alone (Fig. 2b) . Similar results were obtained with both isolates. Differences were also apparent in the OMP profiles of cells grown under the various conditions of aeration and C 0 2 tension (Fig. 3) .
In both isolates there was reduced expression of the 40.5 kDa protein in cells grown with no aeration (lanes 1 and 7) or under anaerobic conditions (lanes 6 and 12) compared to cells grown with aeration or in the presence of 5% C02. In addition, in isolate S/C 82/1, there was a gradual decline in expression of proteins of 71, 77 and 100 kDa (the iron-regulated OMPs -see below) as aeration increased; these changes were not observed in isolate W/D 83/4. Maximum expression of these proteins occurred in cells grown with no aeration or under anaerobic conditions (Fig. 3, lanes 1 and 6) . Less significant differences occurred in the expression of proteins in the 20-26 kDa molecular mass range. Growth in the presence of 5% C 0 2 did not yield significant changes in OMP profiles (Fig. 3, lanes 5 and 11) . As can be seen by comparing Figs 1 and 3 there were differences in the production of the 40.5 kDa protein in cells prepared on different occasions. The reasons for this are unknown but may have been due to slight differences in culture medium, aeration or sample preparation. The LPS profiles of cells grown with no aeration or anaerobically also differed from cells grown aerobically ; these differences occurred in the low-molecular-mass region and are shown arrowed in Fig. 4 . To avoid variation in OMP or LPS profiles resulting from differing degrees of aeration, for all subsequent work bacteria were grown with high aeration, i.e. a flask : culture ratio of 4 : l, and at 120 r.p.m.
Growth of both strains was examined in the presence of increasing concentrations of the chelating agents 2,2'-dipyridyl, EDDA, desferal, ovotransferrin and bovine transferrin. In the case of each of these chelating agents, growth of both strains was rapidly slowed and inhibited within a very narrow range of concentration (Fig. 5) . For example, growth was slowed and completely inhibited within the concentration ranges 100-140 (S/C 82/1), 15-22.5 and 20-24.5 p~, for 2,2'-dipyridyl, EDDA and desferal, respectively. To obtain sufficient cells for outer membrane preparation, a concentration of chelating agent was chosen that gave significant growth-rate reduction, indicating iron-limited conditions, but which still resulted in relatively high cell numbers. Thus, 120 (S/C 82/1) or 150 (W/D 83/4) p~-2,2'-dipyridyl, 19 p~-EDDA, 22 p-desferal, 0.8 mg ovotransferrin ml-l or 1-25 mg bovine transferrin ml-l were used. OMP profiles of cells grown in the presence of these chelating agents were compared with those of cells grown in BHIB alone, and of cells grown in foetal or newborn calf sera. In all cases cells were harvested during early stationary phase, i.e. after approximately 7-8 h of growth. The complete OMP profiles of isolate S/C 82/1 grown under the various conditions are shown in Fig. 6 , whereas the highmolecular-mass regions of both isolates are compared in Fig. 7 . There were significant differences in the expression of the three recognized iron-regulated OMPs as well as in other OMPs after growth in the various media. Growth in the presence of 2,2'-dipyridyl, EDDA or desferal gave identical results for each isolate. There were similar increases in the expression of the 71,77 and 100 kDa proteins in the case of isolate S/C 82/1 and of the 71 and 100 kDa proteins in the case of isolate W/D 83/4; production of the 77 kDa protein did not, however, increase in isolate W/D 83/4. In the presence of ovotransferrin and bovine transferrin different results were obtained. Although expression of the 71 kDa protein clearly increased in both isolates, expression of the 100 kDa protein was only slightly enhanced in both isolates, whereas there was no expression of the 77 kDa protein in either isolate; this was particularly noticeable in isolate S/C 82/1. Expression of both the 71 and 100 kDa proteins was greater in the presence of bovine transferrin than in the presence of ovotransferrin, the latter chelator increasing production of the 100 kDa protein very little, if at all. In addition, in both isolates, there was increased production of the 40-5 kDa protein, as well as synthesis of two new proteins of 23 and 26 kDa after growth in the presence of these two chelators. Once again, there were differences in the expression of the 40.5 kDa protein between cells grown on different occasions but under the same conditions (compare Figs 3 and 6 ).
Further differences were observed after growth in foetal and newborn calf sera. In foetal calf serum there was, in both isolates, enhanced expression of the 71 kDa protein but not of the 100 kDa protein. S/C 82/1, and no expression at all in isolate W/D 83/4; an additional protein was synthesized in this region in isolate S/C 82/1 (Fig. 7a , lane 7, arrowed). In newborn calf serum there was, in both isolates, expression of a protein of apparent molecular mass slightly less than the 100 kDa protein (about 98 kDa). Also, in both isolates, there was no enhanced expression of the 7 1 kDa protein, and the 77 kDa protein was not produced. In addition, in both isolates, there was synthesis of a novel highmolecular-mass protein as well as an additional protein of apparent molecular mass 97 kDa ; expression of 18 and 39.5 kDa proteins was reduced. Two diffuse protein bands of approximate molecular masses 28 and 52 kDa were also present, in both isolates, after growth in newborn calf serum; these proteins were not present in cells grown in foetal calf serum or under any of the other growth conditions. There were no significant differences in the LPS profiles of cells grown under the various conditions, although there did appear to be less LPS produced, in proportion to outer-membrane protein, in the foetal-and newborn-calf-sera-grown cells (Fig. 8) .
The effects of addition of 100p~-FeCI, to BHIB containing 50 PM-EDDA or 2 mg ovotransferrin ml-l , or to foetal or newborn calf sera, on the expression of OMPs in isolate S/C 82/1 are shown in Fig. 9 
Discussion
The OMP profiles of the two P . haemolytica isolates, SC 82/1 and WD 83/4, were very similar and comprised four or five major proteins and at least twenty minor proteins (Fig. 1) . Proteins of apparent molecular masses 18, 29, 39.5,40.5 and 42 kDa could be classed as major proteins, the last three being in the same molecular mass range as the porin proteins of E. coli and other members of the Enterobacteriaceae (Lugtenberg et al., 1977) . Proteins in the molecular mass range 70-100 kDa included the 71,77 and 100 kDa iron-regulated proteins of P . haemolytica previously described by others (Donachie & , 1985) . In the present study, clear differences in the expression of certain minor OMPs occurred between exponential and stationary phase cells and were, most likely, due to specific nutrient depletion. However, minor proteins, as differentiated by Coomassie blue staining of SDSpolyacrylamide gels, may be more immunogenic than major proteins and appear as dominant bands when analysed by Western blotting (Davies et al., 1990 ). Such differences in expression of minor proteins may also occur in vivo and may be very important in terms of the success or failure of the organism to survive and produce disease. There were no obvious changes in the OMPs of cells as growth progressed from early stationary phase (6.5 h) to late stationary phase (24 h) thus indicating that the critical period for changes in the expression of certain OMPs was between the exponential phase and early stationary phase. Growth of Salmonella spp. under oxygen-limited conditions has been demonstrated to cause repression of an outer-membrane protein (Schiemann & Shope, 1991) or increased synthesis of certain proteins (Lee & Falkow, 1990) , these latter changes in turn leading to an increase in invasiveness. At least three novel OMPs are induced in N . gonorrhoeae when grown anaerobically (Clark et al., 1987), one of these being a major antigen recognized by patients' sera (Clark et al., 1988) . In a comparison of coagulase-negative staphylococci grown in air or in air containing 5 % COz, Denyer et aZ. (1990) demonstrated significant differences in surface-exposed carbohydrates and proteins, as well as changes in cell-wall protein profiles and adherence, and concluded that the in vivo gaseous tension is an important factor to be considered in in uitro models. In the present study, growth, OMPs and LPS were examined under varying degrees of aeration and in an atmosphere of 5 % C02/95% air. In general, with the exception of anaerobic growth, the growth rate was not greatly affected by the degree of aeration, whereas the final cell density was significantly affected. In the presence of C o t , initial growth was more rapid although the final cell density was less than the corresponding growth in air. Although the presence of C 0 2 did not significantly affect the OMP profiles, the degree of aeration affected a number of minor proteins as well as the 40.5 kDa major protein. Synthesis of this latter protein was significantly reduced after growth under anaerobic conditions.The enhanced expression of the 71, 77 and 100 kDa proteins under anaerobic conditions, and their reduced expression as aeration increased, in isolate S/C 82/1, was also significant and suggested that these proteins may be regulated by oxygen as well as by iron. This phenomenon, which has not been described before, did not occur in isolate W/D 83/4, and deserves further attention.
The growth patterns of the two isolates in the presence of the various chelators were unexpected in that growth was rapidly slowed and completely inhibited within a very narrow range of chelator concentration. In additional experiments (results not shown), the inhibitory effects of 50 WM-EDDA and 2 mg ovotransferrin ml-l were overcome' by similar small incremental increases in FeC13 concentration. For example, 25 p~-FeCl, had no effect on inhi bition whereas 50 p~-FeCl, completely restored growth of both isolates in the presence of 50 WM-EDDA. These results suggest that growth of P. haemolytica is finely regulated by micromolar concentrations of iron.
The variation in expression of different OMPs in the presence of the various chelators and in foetal and newborn calf sera was highly significant. In terms of their effects on the induction of various OMPs, the chelators could be divided into two groups, Group 1 consisting of 2,2'-dipyridyl, EDDA and desferal, and Group 2 consisting of ovotransferrin and bovine transferrin. Whereas the Group 1 chelators caused significant increases in the 7 1,77 and 100 kDa proteins, as has been described previously (Deneer & Potter, 1989) , the Group 2 chelators induced increases in the 71 and 100 (less marked) kDa proteins but not of the 77 kDa protein. In addition, there was increased production of the 40.5 kDa protein and synthesis of two additional proteins, of 23 and 26 kDa, after growth in the presence of Group 2 chelators. Increased synthesis of the 71 and 100 kDa proteins was slightly greater in SC 82/1 than in WD 83/4. Furthermore, the increase in synthesis of the 100 kDa protein in particular was not as great for the Group 2 chelators as it was for the Group 1 chelators. Since previous investigators have used only 2,2'-dipyridyl, EDDA or desferal in iron-limitation experiments with P. haemolytica (Donachie & Gilmour, 1988; Deneer & Potter, 1989; Ogunnariwo & Schryvers,l990; Lainson et al., 1991) these observations are highly significant because they suggest that results obtained with Group 1 chelators may not be strictly representative of the in vivo situation. In contradiction to the observation of Deneer & Potter (1989) that the 77 kDa protein was completely absent from iron-replete cells, whereas the 71 and 100 kDa proteins were detectable in iron-replete cells, this study demonstrated that all three proteins were present in iron-replete cells and that their synthesis was increased individually by specific and different conditions. The study also demonstrated that the increased synthesis of the 77 kDa protein in the presence of the Group 1 chelators may be strain dependent. This would explain the failure to detect this protein in an A2 strain of P. haemolytica grown under iron-limitation by Donachie & Gilmour (1 988).
Further differences occurred in the expression of OMPs during growth in foetal and newborn calf sera. Expression of the 77 and 100 kDa proteins was not increased, compared to that in BHIB, in either foetal calf serum or newborn calf serum. Although expression of the 71 kDa protein was increased in foetal calf serum, compared to its expression in BHIB, and completely inhibited by the addition of FeC13, it was expressed to the same extent as in BHIB in both neat and ironsupplemented newborn calf serum. These results suggest that foetal calf serum provides an iron-limited environment, and that the 71 kDa protein is an iron-regulated OMP, but that the 77 and 100 kDa proteins may not be important iron-regulated proteins, as the results with Group 1 chelators suggest (Deneer & Potter, 1989) . In particular, results with the Group 2 chelators and the animal sera suggest that the 77 kDa protein may not be an important protein in vivo. These results support the findings of Donachie & Gilmour (1988) , in fact, who
were not able to demonstrate synthesis of this protein in an A2 strain of P. haemolytica isolated directly from the lungs of an infected sheep, although Deneer & Potter (1989) described synthesis of this protein in ironrestricted A2 cells grown in the presence of 2,2'-dipyridyl. However, as explained above, these discrepancies may have been due to strain variation. It is also notable that the former workers were not able to demonstrate, by Western-blotting with serum from infected sheep, recognition of the 100 kDa protein in the same in-vivo-obtained cells, although a faint band was present in a Coomassie-blue-stained SDS-polyacrylamide gel. The non-expression G f the 100 kDa protein, the receptor for bovine transferrin (Ogunnariwo & Schryvers, 1990) , within the detection limits of Coomassie blue staining at least, in either foetal calf serum or newborn calf serum was unexpected and suggests that the protein may not be produced in significant quantity in vivo and may not, therefore, be a good vaccine candidate. This may also help to explain the inability of Donachie & Gilmour (1988) & Gilmour (1988) . This observation is significant because it indicates that the in vitro growth conditions for the A1 isolates in bovine sera, as described in the present study, are similar to the in vivo growth conditions for the A2 strain described by these authors. Identical results, it should be noted, were obtained with two different batches of foetal and newborn calf sera. The two diffuse protein bands of approximate molecular masses 28 and 52 kDa, which occurred in cells grown in newborn calf serum only, probably represented cellsurface-bound IgG light and heavy chains, respectively. Surface-bound IgG light and heavy chains have also been detected in in-vivo-grown E. coli (Finn et af., 1982) and P . haemolytica A2 (Sutherland et al., 1990) . Bound serum albumin was not observed, however, as it has been for in-vivo-grown P . haemolytica A2 (Sutherland et al., 1990) . Although there was no variation in LPS profiles in the presence of various chelators, there was quantitative variation in LPS, relative to the amount of protein in the outer membrane, in cells grown in foetal and newborn calf sera compared to cells grown under other conditions. In addition, there were differences in the LPS of cells grown aerobically compared to cells grown anaerobically, as well as differences between exponential and stationary phase cells . Changes in LPS, due to differences in aeration, have also been described in N. meningitidis (Tsai et al., 1983) . It might be expected from these observations, therefore, that there would be some quantitative differences in the LPS of cells that had been grown in vivo compared to cells grown in standard laboratory media. Although Sutherland et al. (1990) observed no differences in the LPS profiles of P . haemolytica cells grown in vivo compared to cells grown in vitro, their study was carried out with an A2 strain, possessing a rough-type LPS. Differences in the highmolecular-mass region of the LPS molecule, i.e. the 0-antigen, may well occur between in-vivo-and in-vitrogrown A1 cells.
In conclusion, this study has demonstrated significant differences in the synthesis of certain P . haemolytica OMPs under various growth conditions. In particular, the OMP profiles of cells grown in foetal or newborn calf sera are different to each other and to those of cells grown in the presence of artificial chelating agents. The study raises questions as to the use of these chelators and the conclusions derived from previous studies. Subtle differences were also observed in the LPS profiles of cells grown under various conditions. Finally, the study has highlighted the importance of examining the OMP and LPS profiles of cells grown in vivo and this work is currently underway. 
